Fracture and fatigue-induced failure in welded structural details is an important limitstate in earthquake resistant design. Despite its significance, fundamental, physics-based models to simulate Ultra Low Cycle Fatigue (ULCF) in base and weld metals are not readily available, and many of the popular approaches predict ULCF in an empirical manner without considering the complex interactions of stress and strain histories responsible for it. While convenient, these empirical methods may not be reliably transferable to untested details or connections. In this paper, newly developed physicsbased models that aim to simulate ULCF at a continuum level (and apply them through finite element analyses) are introduced. Preliminary results from experiments on six column base plate specimens are presented. These tests, part of a NEESR project, seek to validate these physics-based models. From a practical standpoint, these experiments provide important insights into modes and hierarchies of failure of column base plate details, especially fracture originating in the welds and heat affected zone. The parameters considered include variations in cyclic loading histories and in weld details similar to configurations commonly used in engineering practice.
INTRODUCTION
Steel Moment Resisting Frames (MRFs) are widespread in regions of high seismicity due to their predictable behavior during moderate level events, cost-effectiveness, and favorable energy dissipation capabilities. These systems rely on large inelastic rotations in beams at beam-column connections and in columns at column-foundation connections to dissipate energy during a seismic event. However, structural investigations following the 1994 Northridge and 1995 Kobe earthquake demonstrated the susceptibility of non-ductile moment frames to fracture, especially in the beam to column connections. The resulting experimental studies motivated by the Northridge and Kobe earthquakes -such as the SAC joint venture investigation [5] -highlighted several inherent faults in moment frame construction. Most notably, the presence of sharp cracks and the use of highstrength, low-toughness weld metal in regions that are the most susceptible to large plastic strains and shear and normal stresses significantly decreased the ductility of moment frame connections.
While a majority of these investigations were performed on beam-column connections, relatively limited research attention was focused on column-base-foundation connections. This in spite of the fact that non-ductile performance of these connections have been observed experimentally and in the field [2, 12] and are recognized as potential areas of sudden failure due to inadequate and differing seismic design specifications [6] . Furthermore, structural investigations following the 1964 Anchorage, 1994 Northridge, and 1995 Kobe earthquakes have shown damage and sometimes failure at the column to base-plate connection. Additionally, the geometric imperfections and varying material properties of the base metal, weld metal and heat affected zone (HAZ) present complex and challenging obstacles that will rigorously exercise the capabilities of the proposed models to predict ductile fracture initiation during cyclic loading.
Prevailing approaches to characterize fatigue and fracture performance during cyclic loading on structural steel components are based mostly on empirical or semi-empirical methods. For example, a first order capacity measure could take the form of a maximum floor displacement or interstory drift ratio. More refined approaches determine a critical local strain that degrades according to cycle counting schemes such as rainflow counting or Miner's rule [12] . While these approaches represent important advances in the fatigue-fracture prediction methodology for structures, they are typically geometry dependent and do not directly incorporate localized effects or the complex interactions of stress and strain histories that trigger crack initiation.
The dependence on semi-empirical models is primarily due to the lack of appropriate stress and strain criteria that can accurately evaluate complex stress and strain states during inelastic cyclic loading in steel structures and components during earthquakes. This unique loading is appropriately classified as Ultra Low Cycle Fatigue (ULCF), differing from the classic Low and High Cycle Fatigue (LCF and HCF) theories by the range of cycle count that each are applicable and the prevailing mechanism causing eventual failure. LCF and HCF are primarily governed by slip and decohesion at the interface between second phase particles and the metal matrix [13] and are valid for cycle counts orders of magnitude larger than earthquake conditions. The ULCF process is better modeled using a micromechanics-based model that captures the fundamental physics of the fracture process. In several situations of interest, the mechanism controlling fracture in structural steels is void growth and coalescence [9] . Typically, this mechanism is accompanied by stable crack growth and ductile global behavior. Several models aim to capture this mechanism in metals subjected to monotonic loading [7, 14] . However, for structural steels subjected to ULCF, the governing fracture mechanism has been observed to also be void growth and coalescence [9] rather than a mechanism associated with low or high cycle fatigue. Following this observation, Kanvinde and Deierlein [9] extended the existing monotonic models to cyclic loading and provided insights into the micromechanical behavior of steels subjected to ULCF. Their validation studies were limited to base metal steels using small-scale laboratory specimens. This paper reports preliminary results from the second phase of a larger Network for Earthquake Engineering and Simulation Research (NEES-R) project that involves collaborative research between the University of California at Davis and Stanford University. Both phases of this project involve large scale experimental testing at the University of California at Berkeley's NEES facility.
The first phase of the project was completed in early 2006 [4] . It involved the testing of nineteen structural braces representative of those found in Specially Concentric Braced Frames. The braces were subjected to earthquake-like loads that caused the braces to fracture due to ULCF. Using detailed finite element models that accurately quantify the amplified strains due to both the global and local buckling of the braces, the micromechanics based ULCF fracture model predicted initiation accurately in time and location compared with the experimental observations. The model was validated over a range of loading histories and rates for a variety of structural brace shapes and materials including HSS, pipe, and wide flange. For complete results from this phase, readers are referred to Fell et al, [3, 4] . The research reported in this paper seeks to extend this work and validate the fracture models for welded large scale connections.
BACKGROUND
Ductile fracture in steels is caused by the nucleation, growth and coalescence of voids. Voids nucleate around second phase particles such as carbides in mild steels [2] . Nucleation occurs at relatively low stress and strain demands due to weak interfacial bonds between the carbides and the metallic matrix. As the demands increase the voids begin to grow at a rate that depends strongly on the triaxiality of the stress state. Stress triaxiality is a measure of the constraint to plastic flow in a material. It is defined as the ratio of the mean stress to the von Mises stress. At the point of ductile fracture initiation, neighboring voids coalesce because the material ligament between voids undergoes a necking instability. This mechanism is shown schematically in Figure 1 . For a more detailed description of this mechanism, the reader is referred to Anderson, 1995 [2] .
FIGURE 1 MICROMECHANISM OF DUCTILE FRACTURE IN STEELS (ADAPTED FROM ANDERSON, 1995)
A widely used model that captures the mechanism of void growth and coalescence due to monotonic loading was proposed by Rice and Tracey [14] . The model considers a single spherical void in an infinite solid that becomes ellipsoidal during deformation. Analytically, Rice and Tracey derived expressions for each principle radii of the void in terms of the initial radius and the remote strain rates. They solved this expression for a variety of stress states and proposed that the void growth could be approximated by the following semi-empirical equation,
In equation (1), R is the mean radius of the void. T is the triaxiality of the stress state. dε p is the incremental form of the equivalent plastic strain, defined as,
Assuming that the critical void ratio is a material property, equation (1) 
The monotonic void growth model is free of many of the assumptions that cause traditional methods to become invalid when applied to ULCF. The model is continuum based so sharp initial defect are not required for its use. Also, the model explicitly accounts for the effects of large scale yielding and is completely valid when applied at locations with extensive plasticity such as at a plastic hinge. Finally, the model explicitly accounts for the complex interaction of three dimensional stress and strain, so it is nearly independent of geometry. Because of this geometric generality, results from the laboratory can reliably be transferred to structural predictions.
The ability to predict ductile fracture initiation effectively is reliant on the accuracy of the stress and strain histories that are input into the model. This requires detailed threedimensional continuum finite element modeling. For complex connections, this level of refinement was computationally impractical at the time when these models were initially proposed, however, computational advances within the last decade or so have recently made them computationally viable.
The scope of the VGM is limited to void growth during monotonic loading. When subjected to cyclic loading, voids within a metallic matrix will either shrink or grow depending on the stress state. Assuming that voids grow during tensile cycles (defined by a positive mean stress) and that voids shrink during compressive cycles (defined by a negative mean stress), the VGM is modified into Cyclic Void Growth Model (CVGM), described by, 
The second modification allows the critical value of VGI cyclic to degrade as a function of the accumulation of microstructural damage. This is accomplished by defining the critical value to be equal to a damage function, f(D), times the . This damage function will equal one when the damage is zero and decay exponentially as damage increases. Incorporating these changes, the CVGM index is defined by,
For a detailed derivation of the CVGM, the reader is referred to Kanvinde and Deierlein [10] . The VGM and the CVGM are calibrated using laboratory testing and finite element modeling. Laboratory tests are used to determine the demands that cause ductile fracture for a particular geometry. A finite element model is subjected to the same demands and the is calculated by equation (3) . The calibration of the CVGM is similar but more complicated because more tests are required to determine the form of the damage function in (5) . After the necessary parameters are calibrated, any geometry and loading can be simulated analytically and the VGI can be calculated incrementally and compared with the critical value. 
DESCRIPTION OF EXPERIMENTS
The CVGM has already been validated for large scale fracture in base metal. However, fracture originating in welded connections is a well known limit state that the CVGM has not been applied to. Large scales tests of a relevant welded structural detail are needed to extend the CVGM for wider use within the structural engineering community. The tests are designed with two purposes in mind. First, the detailing should provide boundary conditions that facilitate the finite element modeling. Second, the tests should also provide some practical behavioral insight into a structural detail that is not completely understood and for which weld fracture is a likely failure mode. Considering this, a column base plate was studied.
The experimental test matrix and results are included in Table 1 . Six specimens were tested. Each specimen consisted of a W8x67 Gr. 50 column welded to an 18x18x2 ¼ in. Gr. 50 base plate. Two different geometries for the welded connection were considered: a Complete Joint Penetration (CJP) weld and a Partial Joint Penetration (PJP) weld. Earthquake demands were simulated by imposing a horizontal displacement at the top of the column (in the absence of axial loads). Two different loading protocols were considered: the far field and the near fault, as recommended by the SAC loading protocols for special moment resisting frames [11] . These protocols are based on nonlinear time history investigations which showed consistency between the demands imposed by the protocols and realistic seismic demands on ductile moment frames. The far field loading protocol was used for five of the six tests and is shown in Figure 2 . Drift was calculated from the column deformation by dividing the top displacement of the column by the height of the column. 
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FIGURE 2 FAR FIELD LOADING HISTORY
The details for both geometries of the welded connection are shown in Figure 3 . For both details a 5/8 in. fillet weld was specified on both sides of the web of the column. For the PJP detail, a 5/8 in. fillet weld was specified on the inside of the flange as well. The CJP detail had access holes that were sized according to FEMA specifications [5] . The welds were detailed such that the specimen could withstand the full plastic moment capacity of the column. In both cases, the electrode was E70T-1-H8, which has a Charpy V-notch rating of 32 ft-lbs at -20° F. All specimen welds were certified using both ultrasonic and magnetic particle non-destructive testing.
A schematic of the test set-up is shown in Figure 4 and a photograph of the set-up is shown in Figure 5 . Figure 5 also provides a close-up of the CJP geometry. The specimen base plate was bolted to a 4 in. thick Gr. 50 steel plate to provide a near fixed condition at the bottom of the base plate. Demands were imposed on the specimen using a ±10 in. 220 kip actuator that was located 69 in. above the top of the base plate. The specimen was restrained from moving out-of-plane by a lateral restraint system.
The specimen was loaded in strong-axis uniaxial bending under displacement control. Loading was reversed at target drift levels as specified in the referenced SAC loading protocol. Rigid body rotation of the column base plate assembly was subtracted from the calculation of drift to ensure that drift demands were accommodated exclusively by straining of the specimen. Periodically throughout the loading protocol small elastic unloads were applied so that any changes in specimen compliance due to crack initiation could be measured. Furthermore, the loading protocol was systematically paused to allow for visual crack initiation inspection.
FIGURE 4
SCHEMATIC OF TEST SETUP at yield. M 2.0% is the moment during the first ramp to 2.0% drift. M max is the maximum moment during the entire loading protocol. The peak probable moment of a W8x67 according to FEMA 350 [5] is 440 kip-ft. Both of the PJP specimens exceeded this value and none of the CJP specimens did.
In CJP specimens, crack initiation occurred between the 3% and 5% drift cycles. For PJP specimens the point of ductile crack initiation was substantially delayed and occurred between the 5% and 6% drift cycles. In most cases the precise location of crack initiation could be traced back to an initial geometric defect. Furthermore, there was a correlation between the severity of the initial geometric defect and the point at which cracks initiated. For CJP specimens, corners with severe defects initiated closer to 3% drift while corners without observable defects initiated closer to 5% drift.
Two of these limit states are shown in Figures 9 and 10 . Figure 9 shows the initiation and growth of a stable crack that formed in the HAZ at the corner of the flange of a CJP specimen. The last (right most) photograph of Figure 9 shows the stable crack immediately before it transitioned to an unstable crack. Figure 10 shows a column flange after the unstable transition has caused total flange fracture. In figure 10 , the initial crack that caused total flange fracture originated at the left side of the picture in the HAZ. From a structural engineering perspective the key point to quantify the performance of the connection is the ductile to brittle transition. Using this metric to quantify performance, the two weld details performed markedly differently. The data in Table 1 clearly show that both PJP specimens far exceeded the capacity of all of the CJP specimens. The second specimen in Table 1 survived the entire near-fault loading history without significant damage. Afterwards the specimen was subjected to the far-field loading history until total flange fracture. The results reported for this specimen represent the point at which the flange fractured within the additional far field loading.
DISCUSSION
For MRFs, the design earthquake ground motions impose 2-3% drift on the columns while the maximum considered earthquake (MCE) ground motions impose 4-5% drift. All six specimens maintained stable hysteretic performance through the 4% cycles, and all but one, maintained stable performance through the 5% cycles as well. By the MCE measure, all specimens performed adequately, however, the PJP weld detail performed significantly better. This result was interesting because PJP details have an inherent sharp crack at the edge of the partial penetration weld. This defect is often assumed to increase the fracture demands of a connection when compared to a CJP detail. However, the large fillet weld (5/8 in.) on the inside of the flanges of the PJP detail provides an area of weld underneath the flange of approximately one and a half times that underneath the flange of the CJP detail. This larger area forced a larger portion of the strain into the tougher base metal which reduced the demands imposed within the weld metal and along the fusion line and extended the overall life of the connection.
In addition to the large scale tests described above, some small scale weld fracture tests were conducted. In these, the flanges were removed from an A992 Gr. 50 wide flange section. The flanges were cut into a single bevel groove geometry and welded together using a Charpy rated E70-T6 electrode. The welded flanges were cut into strips and round notched specimens were machined. The fracture properties of the weld metal, base metal, and the heat affected zone (HAZ) were investigated by moving the location of the notch into each material region. Figure-11 shows the geometry of the weld as well as the overlay of a notched specimen extracted from this material.
FIGURE 11 SMALL SCALE WELD TESTS SCHEMATIC
The following observations were made based on twenty five notched specimens with varied notch locations. First, scanning electron micrographs of the fracture surfaces from these specimens revealed the dimples that are characteristic of void growth and coalescence. This dimpled fracture surface was observed for all specimens no matter the microstructural region (weld, base, HAZ) that fractured. However, the sizes of the dimples of the weld fracture surfaces were distinctly smaller than those from the base metal. This observation was manifested by weld metal toughness values that were approximately two-thirds those of the base metal. Furthermore, the micrographs revealed the fracture surfaces within the weld metal were far more heterogeneous than those of the base metal. This heterogeneity was manifested by a variance in the weld toughness data that was noticeably larger than the variance in the base toughness data. Figure 12 shows micrographs from both weld and base metal fracture surfaces. This increased variability in the fracture toughness of the weld metal combined with the observation from the large scale tests that random initial defects play a critical role in connection fracture implies that a probabilistic fracture model may be required. For base metals, a deterministic model proved satisfyingly accurate but the variability in both geometry and material toughness was considerably less. In the weld tests, the critical event, from a structural performance perspective, is the transition from ductile to cleavage fracture which itself is an inherently random event [2] .
Preliminary predictions using the CVGM have been made for the CJP weld detail. Figure 13 shows the ABAQUS model used to simulate this detail. The one half model utilizes symmetry, and includes approximately 90,000 tetrahedral and hexahedral elements. The large number of elements is required mainly to simulate sharp stress and strain gradients in the weld regions. Various regions of the model (e.g. weld regions and base metal) are modeled with appropriate material properties calibrated from coupon tests. The simulations feature large deformation formulations, and multiaxial cyclic plasticity [8] . The analyses required approximately 100 hours to execute on a 2Ghz dual processor Pentium computer. Based on the stress and strain histories predicted from this model, the CVGM predicts fracture to occur at the corner of the flange within the HAZ during the first 3% drift cycle. This preliminary prediction agrees with the lower bound of observed values.
FIGURE 13 FINITE ELEMENT MODEL OF THE CJP TEST SPECIMEN
CONCLUSIONS
This paper has presented a methodology that has been successfully used to predict ductile crack initiation in large scale tests in which cracks have initiated in the base metal. That methodology models the process of Ultra Low Cycle Fatigue (ULCF) using a fundamental approach that combines material properties and stress/strain histories at continuum points to predict the initiation of ductile cracking. This model has been shown to greatly improve the generality and accuracy of fracture predictions when compared to less refined measures such as a critical strain [4] .
Although at the time of the writing of this paper the complete results for this methodology's performance at predicting fracture in welded connections were not available, preliminary results imply that modifications to the model are required. Factors such as toughness scatter, spatial variability, and the ductile to brittle transition have been shown to play a crucial role in the fracture of welded connections. None of these factors is explicitly considered in the present form of the model.
From a practical standpoint, these tests have shown that all of the specimens surpassed their design performance. Furthermore, the tests have shown that PJP details when designed appropriately, can offer better performance than a conventional CJP detail.
